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the	Baltic	 Sea	 as	 a	 space-	for-	time	design	 to	 address	 effects	 of	 salinity	 change	on	
populations.	Additionally,	genetic	diversity,	a	prerequisite	for	adaptive	responses,	is	
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1  | INTRODUC TION
Rapid	 climate	 change	 threatens	organisms,	 populations,	 and	 spe-
cies	 in	 all	 ecosystems	 including	 the	 oceans	 (Poloczanska	 et	al.,	
2013;	 Urban,	 2015).	 Whereas	 marine	 climate	 change	 research	
mainly	 focusses	on	ocean	warming	and	acidification	 (reviewed	 in	
Przeslawski,	 Byrne,	&	Mellin,	 2015),	 the	 effects	 of	 salinity	 shifts	
on	marine	populations	and	ecosystems	have	rarely	been	addressed	




predict	 that	 elevated	 global	 temperatures	 will	 cause	 increased	

















Recently,	 transgenerational	 plasticity	 (TGP),	 by	which	 parental	
environments	 shape	 offspring	 phenotypes,	 has	 been	 proposed	 as	





might	 alter	 the	 direction	 of	 selection	 and	 provide	 an	 accelerated	
evolutionary	pathway	 to	adaptive	 solutions	 (Bossdorf,	Richards,	&	













negative	 carry-	over	 (Figure	1c),	 this	 is	 considered	 nonadaptive	 TGP	








cies,	 but	 also	 among	 life	 stages	within	 a	 species	 (Marshall,	 2008;	
Pankhurst	&	Munday,	 2011).	 Early	 life	 stages	 are	 particularly	 vul-
nerable	to	environmental	changes.	For	instance,	fish	larvae	lack	gills	
to	 compensate	physiologically	 for	 environmental	 stress	 (e.g.,	 acid-















Jonsson,	 &	Merilä,	 2013;	 Johannesson	 &	 Andre,	 2006)	 and	 conse-




we	 conducted	 a	 multigenerational	 experiment	 using	 Baltic	 Sea	
three-	spined	 stickleback	 (Gasterosteus aculeatus)	 as	 a	 model	 sys-
tem	(Colosimo	et	al.,	2005;	DeFaveri	&	Merilä,	2014).	This	abundant	
fish	plays	 important	 ecosystem	 roles	 both	 as	 a	mesopredator	 and	
as	a	 food	source	 (Sieben,	Rippen,	&	Eriksson,	2011).	Furthermore,	
this	 species	 is	 an	 ecosystem	 engineer	 (Harmon	 et	al.,	 2009)	 that	
alters	 its	 habitat	 structure	 by	 feeding	 activity	 (Anaya-	Rojas	 et	al.,	











posed	 them	 to	 salinity	 changes	 (increased	 and	 decreased	 salinity)	
in	 a	 space-	for-	time	experiment	 (Figure	1a;	Table	1).	The	objectives	
of	 this	 study	were	 (a)	 to	 assess	whether	 or	 not	 transgenerational	
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acclimation	buffers	(via	adaptive	TGP)	or	accelerates	(e.g.,	via	carry-	
over)	effects	of	 simulated	 salinity	 change	on	 fitness-	related	 traits;	
(b)	 to	evaluate	whether	the	direction	and	magnitude	of	TGP	differ	
between	increased	salinity	and	decreased	salinity	treatments;	(c)	to	
investigate	whether	 effects	 of	 TGP	 vary	 between	 life	 stages;	 and	




Baltic	 three-	spined	 sticklebacks	 were	 collected	 during	 the	 2014	
breeding	season	in	the	Kiel	(KIE)	Fjord,	Germany	(54°38′N,	10°17′E),	
at	 20	 PSU	 (Practical	 Salinity	 Unit).	 Laboratory	 bred	 fish	 obtained	
from	these	wild	caught	fish	will	be	referred	to	as	“parental	genera-









three	 PSU	 steps	 every	 second	 day.	 The	 low	 salinity	 level	 (6	 PSU)	
was	chosen	according	to	predictions	by	Meier	(2006)	and	account-






























































C-C 2C-T1T1-T1 T1-C T2-C T2-T2
Foreign1 Foreign2
Group 1 Group 2
C-T
TABLE  1 Six	experiments	conducted	using	the	full	factorial	breeding	design	in	Figure	1






No. of parental 
families (C, T)
No. of offspring families 
(CC, CT, TC,TT)
Nynäshamn	(6	PSU) Group	1 20 Increased 9,	9 6,	 6,	7,	7
Nynäshamn	(6	PSU) Group	2 33 Increased 9,	9 6,	4,	3
Kiel	(20	PSU) Group	1 33 Increased 10,	10 6, 6,	6,	6
Kiel	(20	PSU) Group	2 06 Decreased 10,	10 6,	6,	6
Thyborøn	(33	PSU) Group	1 06 Decreased 10,	10 6, 6,	6,	6
Thyborøn	(33	PSU) Group	2 20 Decreased 10,	10 6,	6,	6
Note.	Letters	refer	to	treatment	conditions	(C	=	control,	T	=	treatment),	while	the	first	letter	represents	the	parental	conditions	and	the	second	letter	
the	offspring	conditions.
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treatment	delta	but	 toward	 increasing	salinity	 (33	PSU).	After	 five	








two	 additional	 populations:	 Thyborøn	 (THY;	 Denmark,	 56°69′N,	
8°22′E)	 and	 Nynäshamn	 (NYN;	 Sweden,	 58°90′N,	 17°95′E),	 from	
high	 (33	 PSU)	 and	 low	 salinity	 (6	 PSU),	 respectively	 (Figure	1a,	
Table	1).	We	followed	the	same	breeding	scheme	as	for	the	Kiel	pop-
ulation	to	the	exception	of	fewer	families	from	Nynäshamn	(6	PSU,	





once	per	population	 resulting	 in	21	different	 treatments	 for	G2	 in	
total	(Table	1).
2.2 | Fitness measures
To	 assess	 the	 effects	 of	 energetically	 costly	 osmoregulatory	
activity,	 we	 focused	 on	 traits	 connected	 to	 energy	 storage	 and	
growth,	as	they	are	impacted	by	salinity	(DeFaveri	&	Merilä,	2014;	
Marchinko	&	Schluter,	2007;	Spence	et	al.,	2012).	The	measured	
traits	 are	 correlated	 with	 fitness	 in	 fish,	 including	 direct	 (mor-
tality)	 and	 indirect	 fitness	measurements	 (e.g.,	 size,	 growth,	 and	
condition	 variables;	 see	Wootton	 1973;	Dufresne,	 FitzGerald,	&	
Lachance,	 1990;	 Schluter	 1995).	We	 sampled	 the	 parental	 gen-
eration	after	5	months	of	defined	salinity	exposure	and	measured	
length	 and	weight.	 Additionally,	we	 assessed	 the	 hepatosomatic	
index	(HSI),	which	is	a	proxy	for	energy	reserves	in	form	of	glyco-
gen	storage	in	the	liver	(Table	2).	Offspring	were	sampled	as	eggs,	
freshly	hatched	 larvae,	 as	well	 as	12,	30,	 and	90	days	posthatch	





mortality	was	monitored	 throughout	 the	 experiment	 to	 account	
for	possible	nonrandom	mortality.
2.3 | Data analyses




“climate	 chamber”	 as	 random	 effects.	Mortality	was	 analyzed	 per	
“tank”	as	a	 ratio	of	 “alive”	vs	 “dead”	 fish,	using	glmer	 implemented	
in	the	R	package	“lme4”	with	Binomial	error	and	“crossing”	as	well	
as	 “climate	 chamber”	 as	 random	 effects.	 Significance	 was	 tested	
using	ANOVA	type	three,	and	models	were	simplified	using	Akaike	





ency	 of	 the	 patterns	 across	 traits	 and	 populations,	we	 conducted	
a	 meta-	analysis	 calculating	 the	 log	 response	 ratio	 lnR	 (Hedges,	
Gurevitch,	&	Curtis,	1999)	of	each	trait	within	the	six	experimental	
groups.	 Therefore,	we	 averaged	 the	 values	within	 each	 treatment	
group	 per	 tank,	 crossing	 and	 trait	 (X)	 and	 divided	 the	 treatment	
average	(XT)	by	the	control	average	(XC).	This	was	calculated	for	all	
three	treatment	groups	separately	(G1Treatment	–	G2Control	(T-	C),	












Parameter Age of offspring Description
Average N per 
treatment group (21)












Standard	length	(SDL) 12,	30	&	90	dph Standard	length 50,	31	&	56 8.5,	5	&	10








     |  5HECKWOLF Et aL.
(Table	2).	 Hence,	 lnR	 represents	 increased	 condition/fitness	>	0	
and	 decreased	 condition/fitness	<	0.	 In	 particular,	 we	 tested	 for	






(a)	population of origin,	(b)	salinity,	(c)	acclimation mode,	(d)	life stage,	






the	 factor	 life stage)	 for	 each	 life stage	 separately.	 Post	 hoc	 tests	
were	 carried	 out	 using	 Tukey’s	 “honest	 significant	 difference”	
method	TukeyHSD.	All	statistical	analyses	were	run	 in	the	R	envi-
ronment	(R	Core	Team	2017).
2.4 | Accounting for rapid evolution via selection
To	assess	whether	or	not	observed	effects	are	induced	by	TGP,	we	
must	 rule	 out	 the	 effects	 of	 selection,	 for	 example,	 against	 low-	
quality	offspring	(Kaufmann	et	al.,	2014).	Therefore,	we	carried	out	
simulations	 based	 on	 three	 datasets,	 by	 removing	 samples	 from	




large,	 “large”)	 in	 each	 group.	 Then,	we	 simulated	 three	 strengths	
of	 selection,	 reducing	 the	 survival	 rates	 in	 the	 groups	 that	 had	
higher	 survival	 than	 (a)	 the	 first	 quantile	 (“weak”	 selection,	 e.g.,	
reducing	 survival	 to	86%),	 (b)	 the	mean	 survival	 rate	 (“moderate”	
selection,	e.g.,	reducing	survival	to	76%),	and	(c)	the	third	quantile	
(“strong”	 selection,	 e.g.,	 reducing	 survival	 to	 70%)	 for	 each	 time	
point	individually.	After	simulating	the	selection	strength,	we	pro-
ceeded	with	the	same	analyses	as	described	above	for	the	original	
dataset,	 for	 each	 of	 the	 nine	 different	 datasets	 representing	 the	
different	forms	of	selection	(weak-	random,	weak-	small,	weak-	large,	

















erations	via	 negative	 carry-	over.	One	 exception	was	 the	 population	
from	Nynäshamn	at	33	PSU,	which	showed	an	 interaction	effect	of	
parental	×	offspring	 environment	 associated	 with	 an	 increased	 sur-




3.2 | Does transgenerational acclimation buffer or 
accelerate effects of salinity change?
Adaptive	transgenerational	plasticity	(TGP)	is	defined	as	the	interac-
tion	between	the	parental	and	the	offspring	salinity	environments	
leading	 to	 a	 positive	 effect	 in	 offspring	 fitness	 reaction	 norms,	
while	nonadaptive	TGP	decreases	offspring	fitness	reaction	norms.	
Fixed factor in 
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Accordingly,	we	observed	two	negative	interactions	of	parental	and	
offspring	 environment	 in	 the	population	 from	Kiel	 (20	PSU)	 at	 33	
PSU	 for	 fish	 length	 (2
1
	=	4.481,	 p = 0.034,	 Figure	3c)	 and	 weight	
(2
1
	=	7.714,	 p = 0.005)	 at	 90	 dph,	 resulting	 in	 nonadaptive	 TGP.	
Specifically,	 a	match	of	parental	 and	offspring	environment	 led	 to	
a	decrease	in	length	and	weight	of	the	offspring.	However,	parental	























environment	 significant	effects,	 seven	offspring	environment,	 and	



























6 PSU 20 PSU 33 PSUOffspring salinity 6 PSU 20 PSU 33 PSUParental salinity




















































Kiel 5 dpf Kiel 12 dph Kiel 90 dph(a) (b) (c)
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3.3 | Meta- analysis of fitness- related effects
3.3.1 | Does the direction and magnitude of TGP 
differ between increased and decreased salinity 
treatments?
Calculating	 the	 log	 response	 ratio	 (effect	 size)	 lnR,	we	 obtained	 a	
relative	response	value	that	is	comparable	across	traits,	populations,	
and	 life	stages.	As	the	effect	size	represents	a	relative	measure	of	
fitness-	correlated	 traits,	 it	 can	be	understood	as	 increased	 fitness	
if	 lnR >	0	and	decreased	 fitness	 if	 lnR <	0.	The	effect	 size	was	 sig-
nificantly	influenced	by	life stage	(early,	late),	trait,	treatment	salinity 
(increased,	decreased),	population	(Nynäshamn,	Kiel,	Thyborøn),	and	
the	interaction	of	salinity and treatment mode	(Tables	3	and		4).	The	
population	from	Nynäshamn	had	an	overall	reduced	effect	size	com-












3.3.2 | Does the magnitude of TGP differ between 
life stages?
Late	 life	stages	showed	an	overall	 larger	effect	size,	corroborating	












nificant	 interaction	(F2,46	=	5.392,	p = 0.008,	Table	5)	where	transgen-
erational	 (T-	T)	 and	 developmental	 (C-	T)	 acclimation	 were	 positive	
when	salinity	was	decreased	but	negative	when	it	was	increased	(T-	T;	



















































































12	dph	than	 in	egg	diameter	 (F3,46	=	4.553,	p = 0.007),	but	 the	direc-
tion	of	the	effect	(decreased	salinity	=	positive	effects,	increased	salin-




lations	 (F2,99	=	7.349,	p < 0.001)	and	a	population	×	trait	 interaction	
(F4,99	=	2.686,	 p = 0.036,	 Table	5).	 In	 particular,	 we	 showed	 that	
length,	weight,	 and	energy	 reserves	 (HSI)	were	 significantly	 lower	
in	the	Nynäshamn	population	(TukeyHSD;	NYN-	KIE	p	adj.	=	0.001;	
NYN-	THY,	p	adj.		=	0.029).	As	populations	differed	stronger	in	their	
energy	 reserves	 than	 in	 their	 length	 or	 weight,	 we	 observed	 and	







Modeled selection Strong 
selection for large 
individuals
Modeled selection Strong 
selection for small 
individuals
Modeled selection Strong 
selection random
df F value p df F value p df F value p df F value p
Subset “early life stages”
Mode 2 0.914 0.408	 2 0.826 0.444 2 1.024 0.367 2 0.911 0.409
Salinity 1 39.929 <0.001 1 38.299 <0.001 1 37.559 <0.001 1 40.094 <0.001
Population 2 2.892 0.066 2 1.740 0.187 2 3.188 0.051 2 2.887 0.066
Trait 3 4.553 0.007 3 4.877 0.005 3 4.441 0.008 3 4.562 0.007
Mode	×	Salinity 2 5.392 0.008 2 5.668 0.006 2 5.125 0.010 2 5.424 0.008
Mode	×	Trait 6 0.162 0.986 6 0.147 0.989 6 0.178 0.982 6 0.163 0.985
Salinity	×	Trait 3 10.647 <0.001 3 9.794 <0.001 3 9.619 <0.001 3 10.692 <0.001
Mode	×	Salinity	×	Trait 6 1.940 0.094 6 2.066 0.076 6 1.861 0.108 6 1.953 0.092
Residuals 46 46 46 46
Subset “late life stages”
Mode — — — 2 0.060 0.942 — — — — — —
Salinity — — — 1 19.961 <0.001 — — — — — —
Population 2 7.349 <0.001 2 5.036 0.008 2 5.145 0.007 2 7.545 <0.001
Trait 2 0.572 0.566 2 1.914 0.308 2 0.564 0.571 2 0.566 0.570
Mode	×	Salinity — — — 2 2.299 0.106 — — — — — —
Salinity	×	Trait — — — 2 2.649 0.076 — — — — — —
Population	×	Trait 4 2.686 0.036 — — — 4 3.058 0.020 4 2.272 0.034






Fixed factor df F value p
Acclimation	Mode 2 0.368 0.693 
Life	stage 1 14.531 <0.001
Salinity 1 32.351 <0.001
Population 2 5.944 0.003 
Trait 4 2.625 0.037
Accl.	Mode	×	Life	stage 2 0.327 0.722 
Accl.	Mode	×	Salinity 2 3.819 0.024 
Accl.	Mode	×	Population 4 0.340 0.850
Life	stage	×	Population 2 3.477 0.033
Life	stage	×	Trait 1 0.731 0.394
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salinity	 (weak	 selection:	 dismissed during model selection,	 median	
selection:	F1,96	=	14.006,	p < 0.001,	strong	selection:	F1,96	=	19.961,	
p < 0.001).	Even	though	the	interaction	of	acclimation	mode	x	salin-




was	 significantly	 different	 from	 the	 control	 (Figure	4b).	 But	when	
we	selected	randomly	or	for	small	individuals,	the	effects	observed	
in	the	original	dataset	at	 late	 life	stages	did	not	change,	no	matter	
the	 selection	 strength	 (Table	5).	As	effects	obtained	by	our	 selec-





















natural	 local	 adaptation	 resulted	 in	 the	 loss	 of	 the	 ability	 to	 cope	
with	fully	marine	conditions.	This	was	particularly	evident	from	the	
low	survival	rates	and	poor	condition	of	fish	acclimated	to	increased	
salinity	 over	 two	 generations.	 Increased	 salinity	 reduced	 fitness-	





from	 all	 populations	 were	 capable	 of	 acclimating	 to	 desalination,	
as	predicted	 for	many	coastal	 regions	of	 the	northern	hemisphere	
(Gibson	 &	Najjar,	 2000;	Meier,	 2006).	 Interestingly,	 survival	 rates	
even	 increased	 in	 the	marine	population	 (Thyborøn)	under	experi-
mental	desalination.	While	this	pattern	appears	surprising,	it	is	in	line	
with	 previous	 studies	 on	Baltic	 and	marine	 sticklebacks	 (DeFaveri	
&	Merilä,	 2014;	Marchinko	&	 Schluter,	 2007)	 and	 can	most	 likely	
be	assigned	 to	 the	 fact	 that	approximately	11	PSU	 is	 isosmotic	 to	

















as	 buffering	 or	 accelerating,	 and	 reveal	 to	 be	 context-	dependent	











ferences.	 Second,	 the	 direction	 of	 salinity	 change	 (increased	 or	
decreased)	 altered	 significantly	 the	 consistency,	 magnitude,	 and	
direction	of	transgenerational	effects	on	the	offspring’s	traits	reac-
tion	norm	 (Figure	4a).	 In	particular,	 a	 transgenerational	 increase	 in	
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osmotic	gradient	combined	with	a	trade-	off	in	parental	provisioning.	
They	may	also	result	from	the	alteration	of	sperm	quality	of	males	




&	Mock,	2008).	 If	 a	 shift	 in	 resource	allocation	under	unfavorable	
conditions	with	low	chances	of	offspring	survival	can	ensure	survival	
of	 the	parental	generation,	 this	can	ultimately	enhance	population	
persistence	 in	 species	 that	 reproduce	 through	 repeated	 discrete	
clutches	 (Hoffmann	&	Merilä,	 1999;	 Kozłowski	 &	Wiegert,	 1986).	
In	 contrast,	when	 salinity	decreased	 relative	 to	 the	habitat	of	ori-
gin,	the	offspring	response	was	largely	positive	and	associated	with	




stages,	 because	 different	 life	 stages	 are	 differently	 susceptible	 to	
stress	(Baumann	et	al.,	2012).	We	confirmed	that	early	life	stages	are	
particularly	vulnerable	to	increased	salinity.	While	we	found	negative	
carry-	over	 effects	 of	 transgenerational	 acclimation	 in	 the	 early	 life	
stages,	these	effects	vanished	in	late	life	stages.	One	possible	hypo-
thetical	explanation	is	that	developmental	plasticity	takes	time	to	ad-









We	 hypothesized	 that	 selection	 could	 reduce	 negative	 carry-	
over	 effects	 by	 removing	 individuals	 further	 away	 from	 the	 phe-
notypic	 optimum,	 as	 observed	 in	 the	 late	 life	 stages	 after	 most	
mortality	 occurred.	 Rapid	 adaptive	 evolution	 via	 selection	 occurs	
within	few	generations	(De	Wit,	Dupont,	&	Thor,	2016;	Eizaguirre,	
Lenz,	Kalbe,	&	Milinski,	2012)	and	even	within	a	single	generation,	
owing	 to	 classical	 adaptive	 processes	 (Hendry	 &	 Kinnison,	 1999;	
Schoener,	2011).	To	disentangle	 selection	 from	plastic	 acclimation	
effects,	 we	 modeled	 different	 directions	 and	 strengths	 of	 selec-
tion	to	control	 for	mortality.	Our	results	suggest	 that	nonadaptive	
transgenerational	plasticity	 in	 conjunction	with	 selection	can	 shift	
existing	phenotypic	diversity	toward	the	optimum	phenotype,	here	
the	 control	 phenotype,	 and	 thereby	 accelerates	 evolution.	 Many,	
mainly	 theoretical	 approaches,	 predict	 that	 adaptive	 plasticity	 ac-
celerates	adaptive	evolution	by	genetic	assimilation	(Bossdorf	et	al.,	
2008;	 Laland	 et	al.,	 2015;	 Waddington,	 1953).	 However,	 there	 is	
evidence	 that	 nonadaptive	 plasticity	 is	 also	 capable	 of	 potenti-
ating	 rapid	 adaptive	 evolution	 of	 gene	 expression.	 For	 example,	 a	
guppy	transplant	experiment	found	that	the	most	plastic	transcripts	
evolved	reduced	plasticity	due	to	strong	selection	against	nonadap-






lar,	 a	 study	on	great	 tits	and	prey	availability	 showed	 that	despite	
increased	 plasticity	 and	 genetic	 changes	 the	 overall	 reproductive	
success	continued	to	decline	(Nussey	et	al.,	2005).	It	is	beyond	the	
scope	of	 this	study	to	assess	whether	along	with	 the	shift	 in	phe-
notypic	 traits,	 selection	 also	 altered	 the	 underlying	 genetic	 diver-
sity.	 However,	 if	 this	was	 the	 case,	 this	might	 have	 two	 potential	
outcomes:	 (a)	 Nonadaptive	 transgenerational	 plasticity	 increases	




















tigated.	 To	 fully	 resolve	 the	 interaction	 of	 genetic	 adaptation	 and	
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